Inelastic scattering rates for magnetically trapped atomic chromium are determined for temperatures of 2 mK and higher. It is found that the rate is very large (2 ϫ 10 Ϫ9 cm 3 /s at 4 mK) and has a strong dependence on temperature. The origin of this structure in the inelastic rate remains for theoretical explanation. These experiments show that, even with bad inelastic rates, the efficacy of buffer-gas loading in producing large numbers of cold atoms is quite good.
INTRODUCTION
Trapping and cooling techniques 1, 2 have facilitated the achievement of very low temperatures and high phasespace densities, leading to a revolution in atomic physics. [3] [4] [5] However, this has occurred with a relatively small number of atomic and molecular species and with samples containing small numbers of particles. The promise of trapping and cooling is to provide the means to confine and cool any atomic or molecular species of interest, so new systems may be explored and new physics found.
For example, one area of new physics awaiting investigation is the study of dipolar gases. In these systems, (magnetic or electric) dipole-dipole interactions can dominate the dynamics. It has been pointed out by several authors that new and interesting effects, including selfassembled complex wave-function structure, 6 robust quantum computation, 7 single component superfluidity, 8 and new quantum phases of matter, including the supersolid, 9 can occur in dipolar gases. Buffer-gas loading, which was invented and developed in our laboratory, 10 may be useful not only in fulfilling the overall promise of trapping and cooling but also in the investigation of specific phenomena of interest, such as the dipole gases described above. With this in mind, we have been working toward the creation of quantum-degenerate Fermi and Bose gases of atomic chromium, 11 europium, 12 and molybdenum. Chromium is a paramagnetic atom with a 6-bohr magneton magnetic moment. For typical elastic cross sections, the Cr-Cr magnetic dipolar interaction is predicted to be less than, but close to, the Vanderwaals-induced contact energy, 6 which could lead to interesting effects in the quantum-degenerate regime. Furthermore, a Fermidegenerate gas of chromium would be interesting in its own right, as little is currently known about atomic Fermi systems. Interest in chromium is not confined to our lab. Others 13, 14 have been working with laser-cooled chromium and have made great progress, including the determination of elastic and inelastic scattering rates in the ultracold regime. 15 In this paper we present our latest findings on the evaporative cooling of chromium. Chromium has four naturally occurring isotopes. Our results were obtained from observations of the dominant isotope, 52 Cr (a boson with nuclear spin I ϭ 0), which we spectroscopically determined to be in the ͉m J ϭ 3͘, fully polarized Zeeman state. Although the other m J states are trapped at early times, they are weakly confined and quickly lost owing to evaporation. We also observed 50 Cr (boson, I ϭ 0) and 53 Cr (fermion, I ϭ 3/2). The 50 Cr: 52 Cr ratio in the trap is (within our experimental error) equal to the ratio of the natural isotopic abundances. Trapped 53 Cr is observed only in the ͉m J ϭ 3, m I ϭ ϩ3/2͘ fully polarized stretched state. Surprisingly, the 53 Cr: 52 Cr ratio is also approximately equal to the ratio of the natural abundances. The high-energy nature of the ablation process would indicate that all m J and m I states are initially produced in equal number. Hence the naïve expectation would be that the population of any individual m I state is reduced by a factor of (2I ϩ 1). It is possible that spin-exchange processes inside the trap preferentially enhance the population of the ͉m J ϭ 3, m I ϭ ϩ3/2͘ state at the expense of the other levels. 16, 17 In principle, it might be possible to observe the initial population of all 53 Cr hyperfine states and their subsequent relaxation after loading. However, the large initial magnetic broadening associated with trapping at high temperatures prevents this. By the time the sample is cooled and the magnetic broadening is reduced, only the stretched state is detectable.
Using buffer-gas loading, we introduce natural isotopic abundance chromium into the magnetic trap. This results in 10 12 52 Cr atoms' being loaded at an initial temperature of ϳ1 K. We then lower the trapping field to adiabatically and evaporatively cool the initial isotopic mixture of atoms to temperatures as low as 2 mK. The 52 Cr loss rates are measured over this temperature range, and the elastic rates are measured from 400 to 20 mK. We have found that the inelastic collision rate increases at lower temperatures, causing inefficiency in evaporative cooling.
We believe that the inelastic rate is dominated by
52 Cr-52 Cr collisions. As we show below, the 52 Cr trap loss fits well to a two-body decay. The high quality of this fit indicates that the loss process is dominated by 52 Cr-52 Cr interactions. Additionally, in our previous experiments we observed the 52 Cr loss rate to remain unchanged by removal of 53 Cr from the trap. These checks, of course, leave the possibility that the 52 Cr-53 Cr collision rate is close, or equal, to the 52 Cr-52 Cr collision rate, but if this were so it would not change our results.
APPARATUS AND PROCEDURE
Our apparatus is described in detail elsewhere. 18 A brief description is given here. Trapping takes place inside a cryogenic cell surrounded by an anti-Helmholtz magnet; see Fig. 1 . The magnet is a superconducting spherical quadrupole with a depth of up to 3 T. The double-walled plastic cell is constructed with a heat-conductive jacket of superfluid liquid helium and is thermally anchored to the mixing chamber of a dilution refrigerator. We implement buffer-gas cooling by filling the inner volume of the cell with a fixed quantity of 4 He vapor. The quantity of vapor is chosen such that varying the cell temperature from ϳ1 K to ϳ140 mK causes the 4 He density to vary from a maximum of roughly 10 17 cm Ϫ3 to very low densities (Ͻ1 cm Ϫ3 ), as indicated from extrapolations of the vapor pressure curve 19 of liquid 4 He. Our atomic source is a small lump of natural metallic chromium attached to the inside of the top lid of the cell.
The typical experimental procedure starts with a hot cell (T ϭ 1.5 K; buffer gas density, 10 17 cm Ϫ3 ) and the introduction of an ϳ20-mJ, 5-ns doubled Nd:YAG (532-nm) light pulse onto the surface of the chromium lump. This pulse ablates the surface of the chromium, thereby introducing hot atoms into the cold He vapor. The chromium atoms are rapidly cooled by the buffer gas. The low-fieldseeking states fall into the trap, whereas the high-field seekers are driven to the walls, where they condense and remain. The cell is then made cold (ϳ140 mK), which causes the helium vapor to be cryopumped, leaving a thermally isolated gas of trapped chromium. Simultaneously with the introduction of the ablation light pulse we begin ramping the magnet from its initial field strength down to a given final field strength (or, equivalently, to a final trap depth). This final trap depth is brought to various values, ranging from ϳ10 K to ϳ10 mK. The time profile of the magnetic field strength during the ramp determines the evaporative cooling path and therefore directly affects the number of atoms left after a cooling cycle.
Throughout the loading, trapping, and cooling, we detect our atoms by sweeping the frequency of a probe laser across the a 7 S 3 → z 7 P 4 transition, thereby continuously measuring the absorption. The probe beam is produced by a titanium:sapphire laser passing through a resonant cavity doubler to produce the required 425-nm radiation. The beam power and diameter are chosen such that they have no observable effect on either the lifetime or the temperature of the trapped atoms; typical values are ϳ500 nW and ϳ4 mm, respectively. The rate at which we sweep over the transition is faster than the rate at which our atoms decay in the trap. Thus we can continuously monitor the spectrum in our trap as a function of time. The character of the absorption spectrum is determined by the substantial Zeeman broadening that is due to the field gradient of the trap. This broadening is used as our primary diagnostic tool. The energy distribution of the trapped sample can be extracted through a simple procedure of fitting the spectrum.
DATA COLLECTION AND ANALYSIS
As described above, we use absorption spectroscopy to detect our atoms. Our detection sensitivity (ϳ1% absorption) is limited by intensity fluctuations imposed on the probe beam by mechanical vibrations in the cell. At trap depths of 10-50 mK a typical absorption signal from our atoms is only a few percent, giving signal-to-noise ratios of the order of unity. However, the repeatability of our experiment is such that we can substantially improve this signal-to-noise ratio by averaging the data from several runs of the experiment. The points in Fig. 2a show a spectrum that is the average of 13 runs of the experiment at a trap depth of 18 mK. The solid curve is a fit of this spectrum derived from a model of the probe beam passing through a Boltzmann distribution of trapped atoms. From this fit, and from independent knowledge of the oscillator strength of the transition, the peak density and temperature of the atoms can be extracted.
The inelastic collisions in our trap give rise to a density dependent, two-body loss rate. Extracting the inelastic collision rate from this two-body loss rate requires knowledge of the way in which the density in the trap evolves with time. We can determine it most accurately by spectroscopically measuring the trap density at early times and then using a simple integral over the entire spectral peak to track the atom number at later times. We check this simple integral method by doing full spectral fits of the data at several times and comparing the results with those of the simpler integration method. Because our data always fit well to a Boltzmann distribution with a time-independent ratio of trap depth to temperature, the peak density in the trap is proportional to the area of the spectrum at a fixed trap depth.
By monitoring the integrated spectrum as a function of time, we are able to map out the time dependence of the peak atom density in the trap. A normalized plot of this integrated optical density is shown in Fig. 2b . The solid curve shows a fit to the solution of the two-body loss equation, dn/dt ϭ Ϫ(1/8)g in n 2 , where g in is the standard expression for the two-body loss rate coefficient, n is the peak density at the bottom of our trap, and the factor of 1/8 is a phase-space factor that depends on the geometry of the trapping potential. 17 By combining the fit of this two-body decay together with the peak density obtained by fitting the spectrum, we are able to extract a value for the 52 Cr-52 Cr inelastic scattering rate coefficient. Figure 3 shows a summary of our chromium collision rate measurements. The points marked by circles show previous measurements of both the elastic (open circles) and inelastic (filled circles) scattering rate coefficients that have been described elsewhere. 20 The points marked by triangles are the previously unreported, lowertemperature measurements of the inelastic scattering rate coefficient. The error bars represent a combination of statistical uncertainties and estimated systematic uncertainties.
RESULTS
The systematic uncertainties are dominated by a few effects that affect the simulations used to generate theoretical spectra such as shown in Fig. 2a . The simulation is sensitive to the parameters used to describe the probe beam. For the measurements taken at temperatures greater than 5 mK, imperfect knowledge of these beam parameters is the major source of systematic uncertainties. At temperatures lower than 5 mK, the systematic uncertainties are dominated by two effects: incomplete knowledge of the trapping field owing to residual trapped fluxes in our superconducting trapping magnet and the fact that the usual expression for the density distribution of a trapped thermal gas, n ϭ n o exp͓ϪB/(k B T)͔, is an imperfect description of distributions that have trap depth-to-temperature ratios of less than ϳ4.
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Issues of signal-to-noise ratio prevented us from performing direct measurements of the elastic scattering rate below 20 mK. However, for atoms confined in a trap Fig. 2 . a, Typical spectrum of trapped chromium. The measured spectrum is shown by filled circles. The solid curve is a fit by a simulation of our trapped ensemble. This spectrum was taken at a trap depth of 18 mK. This spectrum was fitted to a peak density of 7.5 ϫ 10 8 cm Ϫ3 and a temperature of 6.4 mK. b, Time profile of trap density. The points in this plot are the measured values for the integrated area under the spectrum as a function of time for the same data as shown in the spectrum. The solid curve is a fit to the solution of the two-body decay equation for our trap, dn/dt ϭ (1/8)g in n 2 . there is a one-to-one correspondence between the ratio of elastic to inelastic scattering rates and the ratio of trap depth to temperature. With our measured ratio of trap depth to temperature, we estimate that, for temperatures below 20 mK, the elastic scattering rate is of the same order as or larger than the inelastic rate. The time scale that this estimate gives for thermalization is consistent with our observation of a thermal distribution.
DISCUSSION/CONCLUSION
For chromium, the ultracold regime (where only a single partial wave dominates the scattering properties) occurs at temperatures just below 1 mK. Our data clearly show a dramatic variation in the 52 Cr-52 Cr inelastic collision rate just above the ultracold regime. This may be indicative of a shape resonance (a ubiquitous feature of cold scattering) or of a magnetic field effect, a general feature of dipolar relaxation in this crossover region, or perhaps of another property that is unique to either chromium or large-dipole atoms in general. It will be up to further experiment and theory to sort out all the properties of this system.
The great size of the inelastic scattering rate in chromium causes large inefficiencies in evaporative cooling in our experiments. However, the inelastic rate decreases below 4 mK. Thus it is possible that, as one continues to cool, the efficiency of evaporative cooling will become good enough to make continued attempts worthwhile. The large numbers of atoms at 2 mK makes this possibility attractive. However, we expect that the limitations caused by trapped fluxes in our superconducting magnet will prevent us from making progress in the immediate future. These trapped fluxes could be removed by heating of the magnet after the initial evaporative cooling cycle.
On other experimental fronts, it should be possible to measure the inelastic scattering rates for another atom, say, molybdenum. Molybdenum has the same valence electron configuration as chromium, the same magnetic moment, and similar spectroscopic features. The difference in mass and, presumably, in scattering potentials would make it ideal for comparison with chromium. Measuring the molybdenum scattering rates will, it is hoped, provide insight into the generality of our observations. Of course, we shall need theoretical work to conclusively identify the mechanism(s) responsible for the inelastic rates that we observe.
In conclusion, we have magnetically trapped and evaporatively cooled bosonic and fermionic chromium. The lowest temperature reached was 2.5 mK, with 10 10 atoms left in the trap. Further cooling was prevented by residual trapped fluxes that were present in our superconducting magnet. A dramatic rise in the inelastic decay rate with decreasing temperature was observed. Beyond these specific discoveries, this study clearly demonstrates the potential utility of buffer-gas methods for trapping and cooling. R.
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